ABSTRACT The aim of study was to evaluate the effect on broiler breeders fed with corn or sorghum diets and canthaxanthin on lipid peroxidation, fatty acid, and offspring's performance. A total of 440 females with similar body weight (BW) (3.77 ± 0.11 kg) and 60 roosters were placed in an open-sided house with 20 pens, randomly distributed in a factorial arrangement (2 × 2). There were 4 diets of 2 ingredients; corn (CO) or sorghum (SO) and 2 levels of canthaxanthin; 6 mg/kg (CX) and 0 mg/kg (NCX) totaling five replicate pens of 22 females and 3 males each, from 45 to 65 wk old. The BW was measured every 28 days, carotenoid concentration, thiobarbituric acid reactive substances (TBARS), fatty acid profile (%) in egg yolks, and the performance from two incubations and their offspring were evaluated. The study had the same statistical design as broiler breeders, making a total of 4 groups with 10 replicate pens of 8 chicks each. The BW and mortality were not affected (P > 0.05) by diets. Egg yolks coming from the CO diet had the highest (P < 0.05) lutein (3.8 vs. 0.49 mg/kg) and zeaxanthin (4.25 vs. 0.22 mg/kg) concentration compared to SO diet. The SO+CX diet had the highest CX concentration (P < 0.0001). The SO+CX diet showed the lowest TBARS (P = 0.0002) in the egg yolk compared to the CO+CX diet. Egg yolks coming from breeders fed with CO showed a higher concentration of saturated fatty acids (23.36 vs. 21.44%) and monounsaturated fatty acids (27.17 vs. 24.96%). Egg yolks arising from broiler breeders fed with SO diets showed a higher concentration of polyunsaturated fatty acids compared (15.29 vs. 12.88%). The CX reduced the offspring CO diets mortality and improved their viability at 64 wk-old for the broiler breeders (P < 0.05). CX was well absorbed from the diet and effectively transferred to the egg yolk, thereby increasing its concentration in the yolk. This conferred resistance to oxidative stress to the yolk and also later to the developing embryo and its ultimate performance.
INTRODUCTION
Breeding programs are designed to produce a broiler with high potential for growth, yield, and feed efficiency. However, these traits may compromise performance as they are designed to maximize genetic potential and there is a trade-off between growth and health related traits with responses to husbandry programs, age, sex, and genetic line (Siegel et al., 2001; Esonu et al., 2006; Sharif et al., 2012) . Nevertheless, broiler production is a very efficient process to obtain highquality animal protein in the shortest possible time. In raising poultry, feed expenditure generally accounts for about 70 to 75% of the total cost (Esonu et al., 2006; Sharif et al., 2012 Sorghum is the fifth most cultivated cereal in the world, surpassed only by wheat, rice, corn, and barley. It has high dry matter content and is relatively tolerant to drought and heat (Fornasieri and Fornasieri, 2009 ). Sorghum offers excellent nutritional value and can partially or totally replace corn in poultry diets (Assuena et al., 2008) . However, it has a low carotenoid content when compared to corn, resulting in light colored egg yolks. This problem may be solved by the inclusion of carotenoids in diets (Assuena et al., 2008) .
The fundamental importance of carotenoids (or pigments) in poultry nutrition is based on the fact that they can enhance the color of animal products. As hens cannot synthesize these pigments, they must be provided in the feed (Lokaewmanee et al., 2011) . Recently, natural pigments have replaced synthetic pigments in broiler diets due to issues of safety and bioavailability and because these pigments have strong antioxidant and anti-inflammatory properties (Liu et al., 2008; Surai, 2012a) . Moreover, the deposition of carotenoids 647 in the yolk is subject to regulation by a range of factors including diet, laying order, reproductive output, maternal infection, and paternal ornamentation (Royle et al., 1999; Saino et al., 2002; Bortolotti et al., 2003) . Carotenoids are easily accumulated in the egg yolk and then transferred to the developing embryo (Surai, 2012a Furthermore, deposition of yolk carotenoids have influence on the process of yolk formation and composition (Muller et al., 2012) . Such protection is likely to be important, because large parts of the avian embryo are rich in highly polyunsaturated lipids, which are very susceptible to peroxidative attack (Speake et al., 1998) .
Canthaxanthin (CX) in the egg is transferred from the yolk of the developing embryo and distributed in many organs and tissues (Llaurado et al., 1997; Surai et al., 2003; Karadas et al., 2005) . Therefore, it might help to protect the developing bird against oxidative damage, particularly during the sensitive periods of hatching and early post-hatch life (Robert et al., 2007) . Postnatal development of the chicken is a crucial time for the maturation of major physiological systems, including the immune system, as well as a risky time for peroxidation (Surai, 2002) . Consequently an increase in carotenoid supplementation in the maternal diet, in particular canthaxanthin may help to efficiently maintain the antioxidant system and increase the chick viability. Several studies have shown that sorghum can be successfully used, in conjunction with supplementation of artificial and natural pigments in poultry feeds, without affecting poultry performance or meat and egg quality (Sklan et al., 1989; Harder et al., 2010; Moura et al., 2011) . The antioxidant effect on reproductive parameters and performance of broiler breeder offspring, as a result of supplementing canthaxanthin in corn or sorghum maternal diets, was be evaluated in this study.
MATERIALS AND METHODS
The present study was carried out at the Poultry Science Laboratory at the Universidade Federal de Santa Maria (UFSM), Brazil and it was divided in two parts.
Experiment I
Broiler breeder hens and roosters (Cobb-500) were weighed and 440 hens and 60 roosters were selected according to their body weight (BW) in order to make up the experimental groups. They were placed in an opensided house with wood shavings on the floor. Birds were reared following the Cobb 500 broiler breeder guidelines. Trial duration was from 45 wk to 65 wk of age. The total experimental period was 20 wk.
Birds were placed in 20 pens of 4.615 m 2 (3.24 × 1.42 m). Each pen was equipped with an automatic drinker, one tube feeder for the breeder hens and one trough-type feeder for the roosters. Corn and sorghum samples were collected for bromatological analysis through the Association of Official Analytical Chemists (AOAC) (1990) to assess; ash, moisture, crude protein, crude fiber, ether extract, calcium, and phosphorus (Fiske and Subbarow, 1925) . The carotenoid determination in feed and feed ingredients was followed by extraction with ethanol and dichloromethane. If the feed contained less than 1,000 mg/kg of carotenoid, polar matrix compounds were removed by open-column chromatography on a silica gel. The extract was analyzed with normal phase HPLC using unmodified silica gel as a stationary phase. The HPLC system effectively separated canthaxanthin from other potential feed carotenoids such as carotenes, ethyl 8 -apo-B-carotenoic ester, citranaxanthin, lutein, and zeaxanthin. The total content of canthaxanthin was calculated based on the peaks derived from the corresponding -E and Z-isomers of canthaxanthin. Birds were fed with corn or sorghum-soybean-based mash diets supplemented or not with 6 ppm canthaxanthin. The supply of the feed was strictly controlled and followed the breeder company recommendations; from 160 gr/day/female (42 wk) and gradually decreased down to 155 gr/female (65 wk), for roosters it remained the same at 130 gr/day throughout the experiment. Water was provide ad libitum, and a photoperiod of 13 hours light/day was used during the initial period (22 wk) and this was gradually increased up to 16 hours and 30 minutes of light/day up to 54 wk and remained at this level until the end of experiment.
Experiment II
Three hundred and twenty healthy hatched male chicks (1-day-old), from broiler breeders (54 and 64 wk of age), were used to assess offspring performance. The experiment ran from 1 to 21 days of age. Birds were housed in battery cages with 5 floors of 20 pens of 0.5 m 2 and equipped with channel-type feeder and nipple drinkers. Birds were reared following the Cobb 500 broiler guidelines, under environmentally controlled conditions (starting at 33
• C it was gradually decreased down to 24
• C by 21 days). Water and feed were provided for ad libitum consumption and birds received the same basal diet for the total experimental period (Table 1) .
Treatments
Experiment I. Hens were distributed into four experimental groups with similar BW (3.77 ± 0.11 kg) and uniformity (90%). Each one of the four experimental treatments was randomly assigned to five replicates, with 22 hens and three roosters per pen. Birds were fed with the same basal diet (corn and soybean) from 22 until 41 wk old. From 42 wk of age, birds were fed with the experimental diets, but the experimental period ran from 45 to 65 wk of age. A 2 × 2 factorial arrangement was used, where the 3 Determined by analysis at LABRUMEN/UFSM and CBO laboratories in Campinas (SP), Brazil (Crude protein (%), Gross Energy (kcal/kg), Ether Extract (%), Mineral Matter (%), Calcium (%), and Total P (%)) and at DSM Nutritional Products Ltd., Basel, Switzerland (Vitamin A (UI/kg), Vitamin D3 (UI/kg), Alpha-Tocopherol (mg/kg), Lutein (mg/kg), Zeaxanthin (mg/kg), and Canthaxanthin (mg/kg)).
4 Content in basal diet. 5 Content in the basal diet supplemented with 6 mg/kg of canthaxanthin.
first group received a corn-soybean-based mash diet without canthaxanthin supplementation, the second group received corn-soybean-based mash diet with 6 mg of canthaxanthin/kg (CAROPHYLL Red 10%; DSM Nutritional Products Ltd., Basel, Switzerland) of feed; the third group received sorghum-soybean-based mash diet without canthaxanthin supplementation and the fourth group received sorghum-soybean-based mash diet with 6 mg of canthaxanthin/kg (CAROPHYLL Red 10%; DSM Nutritional Products Ltd., Basel, Switzerland) of feed. Hens and roosters were fed the same diets for all periods (Table 1) . Experiment II. The offspring were distributed into 4 experimental groups with similar BW (at 54 wk −51.60 g and at 64 wk −52.55 g) and uniformity (95%). The 4 experimental groups were randomly assigned into 10 replicates, each one, with 8 chicks per pen. The 4 groups were compounds of healthy chicks (without deformations) coming from broiler breeders fed with the four different diets according experiment I.
Control Measurements
Experiment I. Every 28 days the BW was measured and accumulated mortality (total number of dead birds/initial number of birds × 100%) was calculated at the end of the experiment. Eggs were collected and recorded 6 times per day. Egg production by hen housed was calculated weekly.
To determine the content of xanthophylls (canthaxanthin, lutein, and zeaxanthin) eggs were collected and data recorded for 15 egg yolks/treatment (5 replicates of 3 eggs each) at 54 and 64 wk of age. Replicates were pooled, totaling 20 samples (3 pooled egg yolks each) and sent to the Mycological Research Laboratory, Santa Maria, Brazil to be lyophilized (Table 2) .
Lipid oxidation was assessed on the basis of Malondialdhyde (MDA) formation during refrigerated storage time. MDA is a compound used as an index of lipid peroxidation (Botsoglou et al., 2005) . The antioxidant potential in the egg was evaluated via the thiobarbituric acid reactive substances (TBARS) method as described by Jentzsch et al. (1996) . To evaluate the antioxidant effect of canthaxanthin at 50, 54, 58, and 62 wk of age, 15 egg yolks/treatment (5 replicates of 3 egg yolk each) were collected and recorded and stored in a temperature-controlled room (18
• C) for 7 days. Replicates were pooled; totaling 20 samples (3 pooled egg yolks each).
The saturated (SFA), monounsaturated (MUFA), and polyunsaturated fatty acids (PUFA) profiles were determined using 15 egg yolks/treatment (5 replicates of 3 eggs each) at 54 wk of age by gas chromatography according to the method described by Metcalfe et al. (1996) .
For each group, fertility, hatchability of fertile eggs, hatchability of total eggs set, and healthy chick numbers were recorded for 2 incubations throughout the experiment (54 and 64 wk of age). Eggs were collected 6 times daily and classified by pen for the hatching process. Only eggs that were clean and without visible abnormalities were considered suitable for incubation. Thereafter, they were stored for a period of 7 days in a controlled temperature room (18 to 20 • C and 75 to 80% relative humidity). The incubation was carried out in a commercial multi-stage incubator (Casp, Amparo, SP, Brazil) at 37.5
• C and 60% relative humidity. On day 18, eggs were transferred to the hatcher at 36.5
• C and 65% relative humidity to complete the process. At 21 days, chicks were removed from the hatcher, weighed, and classified into first and second quality. Chicks were considered second quality when they showed bad umbilical scarring, beak abnormalities, leg weakness, or excessively wet downy feathers. The hatching rate was determined in relation to the total incubated eggs. To evaluate hatching rate of fertile eggs, fertility, and embryonic mortality, the non-hatched eggs were used for the embryo diagnosis. They were classified by macroscopic visual examination as; infertile, embryonic mortality at the first 48 h of incubation (EM1), embryonic mortality occurring between 72 h and 147 h of incubation (EM2), embryonic mortality occurring between 192 h and 336 h of incubation (EM3), and embryonic mortality occurring between 360 and 504 h of incubation (EM4). Pipped eggs were classified as deadpipped embryos or pipped eggs that had broken shell but no emergence at the time of chick removal from the hatcher and when the embryo was still alive. Eggs with abnormal contents with green or black coloration and emitting a rotten smell or eggs that blew up on opening were considered contaminated.
Experiment II. To determine the offspring's performance, the birds were weighed at 1 day of age. Body weight, body weight gain, feed intake, feed conversion, and cumulative mortality were measured at 7, 14, and 21 days of age. The viability, average daily gain, and production efficiency index were measured at 21 days of age.
Experimental Design and Statistical Analysis
The experimental design was completely randomized in a 2 × 2 factorial arrangement with two ingredients (corn and sorghum) and two levels of canthaxanthin (0 mg/kg and 6 mg/kg), in four treatments with a total of five replicates pens of 22 female and three male Cobb-500 broiler breeders each. Variability in the fatty acid profile and offspring mortality were corrected by the adjustment of normality with the square root of X. The offspring coming from broiler breeders had the same statistical design as the broilers breeders, totaling four groups of 10 replicate pens with 8 chicks each. All data were subjected to ANOVA. Tukey's test was used for significant interaction at the 5% level. Statistical procedures were performed using SAS software (2009; SAS Institute Inc., Cary, NC).
RESULTS AND DISCUSSION
Body weight and mortality were not affected by canthaxanthin supplementation in corn or sorghum breeder diets during the experimental period (data not shown) and these results are in agreement with a previous study conducted under similar conditions in our research group (Rosa et al., 2012) . In the present study it was observed that broiler breeders fed with 6 ppm of canthaxanthin, from 46 to 66 wk of age had the same BW as the control group without supplementation. In the present study, the results of canthaxanthin concentration in the grain and diets used were unexpected, due to the fact that it was higher in the sorghum grain (Table 2 ) and sorghum diet supplemented with CX (Table 1 ) compared to corn grain and diets. Despite this, the lutein and zeaxanthin concentration had the highest level concentration in corn grain and diets when compared to sorghum. In accordance with these results, many carotenoids are transferred to the egg yolk (canthaxanthin, lutein, and zeaxanthin) , with the egg yolk concentration directly linked to the concentration found in the feed. There is an interaction between cereal and canthaxanthin in the sense that canthaxanthin was deposited in the supplemented diets but the lowest level of canthaxanthin in egg yolk was in the sorghum unsupplemented, while the highest was in the sorghum supplemented diet. When observing this interaction, broiler breeders fed with diets without addition of CX showed yolks poorer in CX when fed with sorghum compared with those fed with corn. The highest deposition of CX in egg yolk was observed in broiler breeders fed with the sorghum diet supplemented with CX (P < 0.0001) in relation the broiler breeders fed with corn diet with CX (Table 3 ). The egg yolks produced from broiler breeders fed with corn diets showed the highest lutein (P < 0.0001) and zeaxanthin (P < 0.0001) concentrations in the egg yolk. This shows that corn is a rich source of xanthophylls in the egg yolk (Table 3) . Surai et al. (2003) conducted a study with four treatments: a control diet (<2 mg/kg total xanthophylls), and 3, 6, 12, and 24 mg/kg of a commercial CX product. The latter trial showed that inclusion of CX into the maternal diet caused a significant dose-dependent response in terms of its accumulation in the egg yolk and supports the results found in the present study. Furthermore, Karadas et al. (2006a) showed that carotenoid supplementation increased deposition of zeaxanthin, lycopene, and beta-carotene in eggs.
In parallel to the increase of canthaxanthin level, TBARS levels decreased (P < 0.002) in egg yolks (Table 4) . Sorghum had very low levels of lutein and zeaxanthin (Table 2 ) and consequently the diet based on sorghum (Table 3 ). The canthaxanthin supplementation in broiler breeders fed with sorghum diet resulted in a better antioxidant status in theirs eggs than those fed with corn diet. Canthaxanthin concentration in the grain, diet, and egg yolks of broiler breeders fed with sorghum diet, together with canthaxanthin, had the highest deposition rate of canthaxanthin (Table 3) . Even though corn had a relatively high level of lutein and zeaxanthin in grain and diets, when canthaxanthin was supplemented, TBARS values were not lower than those of the sorghum diet. In agreement with other studies, the present study shows that increased carotenoid levels go in parallel to resistance to lipid peroxidation, which also suggest that female birds derive carotenoids to the egg in order to protect the developing embryo from lipid peroxidation (Surai, 2002; Monaghan et al., 2009) . MDA is widely used as a marker to evaluate the degree of lipid oxidation in foods and oxidative stress in biological samples (Rocha et al., 2010) . Many vitamins (e.g., vitamin A, C, E, and B1) and pigments (e.g., carotenoids) have been reported to exert antioxidant activity (Rosa et al., 2012; Lin et al., 2004; Mohiti-Asli et al., 2008) . The idea of exploiting the beneficial effects of dietary CX supplementation in breeder diets was further developed by Zhang et al. (2011) , who reported that egg yolk enrichment with CX was associated with a significant improvement in the antioxidant status of the egg yolk (P < 0.05). It is interesting that 50% of the total body zeaxanthin and 80% of the CX are located in the ovary (Nys, 2000) . The decreased MDA level in egg yolk coming from broiler breeders fed with sorghum diet and CX may further help to reduce the lipid peroxidation and increase the health status of the developing embryo. In a field trial, Robert et al. (2007) studied the effect of wheat, corn, soya, and canthaxanthin in Ross breeders on the antioxidant status of their progeny, they observed that antioxidant status of sera from 1-day-old chicks were significantly higher and TBARS level significantly lower with 6 ppm of canthaxanthin than those not supplemented in the breeder diets. Rosa et al. (2012) observed a reduction of TBARS in yolks from stored hatching eggs produced by breeders fed with CX, where the reduction in TBARS was observed in egg yolks submitted for analysis on the same day that they were produced (P = 0.0214) and in eggs stored four (P = 0.0002), eight (P = 0.0003), and twelve days (P = 0.0001). According to these authors, results suggested that maternal supplementation with canthaxanthin (6 ppm) enhanced the antioxidant capability and depressed oxidative stress in chicks.
A significant difference in the concentrations of SFA in the egg yolks were found between corn and sorghum diets ( Table 5 ), suggesting that fertile eggs are rich sources of SFA, especially those egg yolks coming from broiler breeders fed with corn diets (P < 0.0001). The fatty acid composition of the egg may be influenced by the dietary composition offered to the birds (Bavelaar and Beynen, 2004; Beynen, 2004) . Higher values of palmitc acid (C16:0) (16.87% vs. 15.55%) and myristic acid (C14:0) (0.25% vs. 0.22%) (P = 0.0003, P = 0.0429) were recorded in the egg yolk coming from broiler breeders fed with corn diets compared to sorghum diets. The lauric acid (C12) concentration in the egg yolk coming from broiler breeders fed with corn diet supplemented with CX was higher than those in breeders fed with a sorghum diet supplemented with CX (P = 0.0362). The MUFA concentration was influenced by the ingredients used, where the broiler breeders fed with corn diets had higher level concentration in the egg yolk than those fed with the sorghum diets (27.17% vs. 24.96%) (P = 0.0003). The oleic acid (C18:1n9c) and palmitoleic acid (C16:1n7) (P = 0.0019; P = 0.0391) levels were found to be a major component of the MUFA in egg yolk in the corn and sorghum diets (25.04% vs. 22.92% and 1.92% vs. 1.66%) ( Table 6 ). The corn grain had more ether extract than sorghum grain (Table 2 ) affecting the result found for SFA and MUFA, but despite lower ether extract composition of sorghum grain, more vegetable fat was needed in the sorghum diet to achieve the nutritional requirements of broiler breeders. The supplementation of vegetable fat did not affect the concentration of SFA and MUFA in the egg yolks. The PUFA concentration in the egg yolks coming from sorghum diets showed higher concentrations than in egg yolks coming from corn diets (Table 7) . Linolenic acid (C18:3n3) (11.62%) was the most predominant PUFA in the egg yolks from broiler breeders fed with sorghum diets (P < 0.0001), as well as the highest concentration of linoleic acid (C18:2n6c) (P = 0.0002) (Table 7) . However, for arachidonic acid (C20:4n6), the egg yolks coming from broiler breeders fed with corn diets showed higher concentrations than with the sorghum diets (P = 0.0005). In relation to the results found for docosahexaenoic acid (DHA) (C22:6n3) the egg yolks from broiler breeders fed with sorghum diets showed a higher concentration than those fed with corn diets (P = 0.0001). The relationship between PUFA/SFA was not significant, but the corn diets contained a higher n6/n3 ratio (P = <0.0001) in the egg yolks than the sorghum diets (Table 8 ). The parameters of hatching, hatchability of fertile eggs, fertility, chick weight, contaminated, pipped and total embryonic mortality (EM1, EM2, EM3, EM4) were not affected by the supplementation of CX in corn or sorghum diets to broiler breeders (P > 0.05) (data not shown). In this study, no effect was seen in the offspring of broiler breeders supplemented with canthaxanthin (P > 0.05) ( Table 9) . From a nutritional standpoint, yolk FA is the major source of energy and PUFA to the developing chick during embryogenesis. Recently, there has been great interest in the role of yolk (maternal) long-chain PUFA such as arachidonic acid ((AA), 20:4 n-6) and docosahexaenoic acid ((DHA), 22:6 n-3) on health of the progeny (Cherian, 2007; Hall et al., 2007) . According to Ajuyah et al. (2003) , Wang et al. (2004) , and Hall et al. (2007) , in ovo concentration of α-linolenic acid, EPA, and DHA may exert positive health effects during various stages of post-hatch life of the offspring. N-3 polyunsaturated fatty acid are important in food, nutritional, and pharmaceutical applications due their beneficial effects on cardiovascular health (Siddiqui et al., 2008) , brain function and mental health (Gadoth, 2008) , immunity (Wang et al., 2000) , and inflammatory diseases (Kremer, 2000) . Linoleic acid can affect the fluidity, permeability, receptor activity, and enzymatic function of biomembranes by changing their fatty acid composition (Murphy, 1990) . In a deficiency of this essential fatty acid, performance parameters such as egg production are also affected and an increase in mortality during incubation and reduced growth occur (Hertad et al., 2000) . In this study, there was an increase in hatchability due to canthaxanthin in broiler breeders fed with supplementation of canthaxanthin than broiler breeders not supplemented in diet at 54-wk-old (32.13 vs. 29.99) (data not shown). The number of first quality chicks was higher for broiler breeders supplemented with canthaxanthin in corn or sorghum diets than those not supplemented at the same week (24.25 vs. 20.67) (data not shown). The egg yolk and chick embryo tissues are rich in polyunsaturated fatty acids in the lipid fraction, which causes them to be susceptible to lipid peroxidation . Tissues of newly hatched chicks express a range of antioxidant defenses including natural antioxidants and antioxidant enzymes as well as antioxidant enzyme cofactors (Se, Zn, Mn, and Fe) (Surai, 2002) . In this study the TBARS and canthaxanthin results found in the egg yolks coming from broiler breeders fed with the sorghum diet and canthaxanthin during this experiment, because the supplementation of an antioxidant source in breeders diet and the high concentration of PUFA in the egg yolk, are related to the improvement of the antioxidant status of tissues and immunity of offspring, where carotenoids (Surai, 2012a) are transferred from feed into egg and further to embryonic tissues and their levels in eggs and embryonic tissues can be regulated by dietary means. As for the positive effect of CX on hatchability, this can be explained the antioxidant defenses operating during embryonic development (Surai, 2002) , however the positive effect of CX on hatchability was not showed in this experiment. This may result in better antioxidant defenses related to higher hatchability and improved chick viability post-hatch. Zhang et al. (2011) evaluated the effect of the addition of canthaxanthin on BW of 1-day-old newly hatched chicks, weight gain in the first 21 days post hatching, and feed conversion ratio (FCR) were not significantly different between the groups (supplemented and not supplemented), and this supplementation in breeder diets reduced the mortality of chicks in the first 21 days post hatching (0 and 4% for CX and control group). This positive effect was also observed, with lower offspring mortality at 64 wk age from breeders fed with canthaxanthin in their diets compared to offspring coming from broiler breeders fed without canthaxanthin (Table 10) (P < 0.05). It has been shown that the inclusion of canthaxanthin in broiler breeder diets produced a lower 7-day mortality for their progeny (Sarabia et al., 2010) , because they had a better antioxidant capacity (Robert et al., 2007; Zhang et al., 2011) . In a field trial, Robert et al. (2008) studied the effect of CX in Ross breeders on the antioxidant status to their progeny. Results from this field trial indicated that maternal supplementation with CX (6 ppm) enhanced antioxidant capability and depressed oxidative stress in chicks. In our study, the viability was better in offspring coming from broiler breeder fed with canthaxanthin at 64 wk of age than offspring coming from broiler breeders fed without canthaxanthin (P = 0.0408) therefore, increased supplementation of the maternal diet Mortality data was analyzed statistically after being normalized by
with carotenoids, in particular CX, could help maintain antioxidant system efficiency and increase chick viability in older broiler breeders. The importance of carotenoids in promoting health is well documented in birds (Shanmugasundaram and Selvaraj, 2011) . Substantial evidence also shows that carotenoids can modulate the immune response (Chew and Park, 2004) by boosting immune activity, inducing lymphocyte proliferation (Ribaya-Mercado and Blumberg, 2004) , and the incorporation in the tissue of offspring may also help to increase the viability therefrom (Karadas et al., 2005) . Thus, the alternative substitution of corn by sorghum in broiler breeder diets did not change the performance of progeny, where adding canthaxanthin had no effect on their performance (Table 10) , however it was demonstrated that the sorghum grain in broiler breeder feeding program allowed an excellent productive and reproductive performance in field trials. In the present study, the levels of stress, bacterial, and viral infections were low, and hence the benefits of an enhanced antioxidant status attributable to canthaxanthin supplementation may not have been observed. However, it has been found that maternal supplementation not only enhances the carotenoid provision during embryonic life, but also continues influencing the chick's carotenoid status throughout the first week after hatching. This suggests that this may be an effective way to boost the antioxidant defenses of the offspring (Surai, 2002) , since CX possesses antioxidant properties in vitro and in vivo (Surai, 2002) , and it is effectively transferred from the diet to the egg and, further, to the developing embryo, it can be considered as an effective modulator of the antioxidant system of the egg yolk and the embryo. The establishment of a direct link between dietary carotenoids and immunocompetence in commercial birds is still necessary. There is a possibility that a flock with certain types of pigments in their diet could be more resilient or use less energy towards their immune system compared with a flock without carotenoid supplementation. However, immunomodulating properties of carotenoids would depend on many different factors, including efficacy of carotenoid assimilation from the diet and their accumulation in target tissues; diet composition and concentrations of other antioxidants (e.g., vitamin E, Se, ascorbic acid) and prooxidants (e.g., PUFAs) in the diet; various stresses, including specific immune challenges; age of birds and other factors (Surai, 2002; Surai and Fisinin, 2012; Fisinin and Surai, 2013; 2013a; Shatskikh et al., 2015) .
In conclusion, antioxidant defenses of chicken eggs are not based mainly on carotenoids and their deposition and concentrations in the egg yolk is largely dependent on dietary provision. CX is well absorbed from the diet and effectively transferred to the egg yolk and further to the developing embryo. Increased CX concentration in the egg yolk is associated with an increased resistance to oxidative stress. The egg yolks coming from broiler breeders fed with the sorghum diet supplemented with canthaxanthin showed the best antioxidant status (TBARS) and the canthaxanthin supplementation in diets at 64 wk of age of broiler breeders reduced the offspring mortality and improved their viability. The egg yolks coming from broiler breeders fed with the corn diets showed the best lutein and zeaxanthin concentrations as well as saturated and monounsaturated fatty acids profile. However, the egg yolks from broiler breeders fed with sorghum diets showed the best polyunsaturated acid profile. The enhancement of the antioxidant system in the developing chick as a result of supplementing the maternal diet presents a great opportunity for poultry producers.
